Isomerization and keto-enol tautomerism reactions of the pyruvic acid molecule have been investigated using the multicomponent B3LYP (MC_B3LYP) methods, which can take account of the nuclear quantum effect (NQE) of a light nucleus, such as a proton and a deuteron. While the conventional harmonic zero point vibrational energy (ZPVE) correction makes the activation energies of all the reactions in this system lower, a contrasting behavior is found in our MC_B3LYP results for several rotational reactions. In such cases, the H/D isotope effect on the activation energy is also completely opposite between harmonic ZPVE-corrected B3LYP and MC_B3LYP calculations. In our MC_B3LYP calculation, the activation energies of several C-C or O-H rotational reactions of H species are slightly higher than those of D species, since the NQE of a hydrogen-bonded proton strengthens the hydrogenbonded interaction more than that of a deuteron, and, thus, the rotational motion of H species is restricted. Such an "unusual" H/D isotope effect on the activation energies can be observed only in the MC_B3LYP results. Our MC_B3LYP calculations clearly demonstrate that direct inclusion of NQE is indispensable to analyze H/D isotope effects on activation energies of not only hydrogen transfer reactions but also C-C and O-H rotational reactions in the isomerization and keto-enol tautomerism of pyruvic acid molecule.
Introduction
Pyruvic acid is an important molecule in biochemistry. It has important roles in the Krebs cycle and is a precursor of various chemical compounds, such as lactic acid, acetyl-coenzyme A, and so on. Pyruvic acid is also known to show isomerization and keto-enol tautomerism reactions. To reveal the properties of pyruvic acid and reaction mechanism of these isomerization and tautomerism reactions in detail, many experimental and theoretical studies on the pyruvic acid molecule have been published to date. [1] [2] [3] [4] [5] [6] Kakkar and coworkers studied the solution phase chemistry of pyruvic acid by means of B3LYP calculations. Their calculated proton affinity and basicity values in the gas phase, and pK a value are in good agreement with experimental values. They advocated the importance of dihydrate and concluded the solution phase chemistry of pyruvic acid is completely different from its gas phase chemistry. 5 Recently,
Valadbeigi and Farrokhpour analyzed isomerization and ketoenol tautomerism reactions in pyruvic acid isomers with the aid of B3LYP and MP2 methods. 6 They reported the harmonic zero point vibrational energy (ZPVE) corrected activation energies, imaginary frequencies, and Gibbs free energies of the reactions. They also investigated the effect of hydration on these isomerization and tautomerism reactions, and concluded that the activation energies of hydrogen transfer reactions drastically decrease by the catalytic effect of water molecule. Therefore, hydrogen-bonded interaction and hydrogen transfer reactions take important roles for isomerization and keto-enol tautomerism reactions.
On the other hand, importance of nuclear quantum effect (NQE) of hydrogen nucleus has been recognized in various elds. For example, difference between NQE of proton and deuteron induces interesting chemical and physical phenomena (known as H/D isotope effect), such as the drastic change of phase transition temperature, [7] [8] [9] H/D isotope effect on rate constant, 10 and so on. It is also known that NQEs sometimes cause interesting, unusual H/D isotope effects. For example, the decay rate of CD 3 radicals is twice higher than that of CH 3 radicals in mixtures of ethanol isotopomers xC 2 H 5 OH + (1 À x)C 2 D 5 OH with a low content of H component (x < 0.02). 11 In such case, heavier CD 3 radical reacts faster than lighter CH 3 one.
Such NQE is, however, basically ignored in the conventional quantum mechanical (QM) methods based on the Born-Oppenheimer (BO) approximation. 12 To reect NQE on electronic structure within BO framework, we have to construct BO potential energy hypersurface (PES) rst, and then nuclear Schrödinger equation should be solved on the constructed electronic PES to reect the NQE. These procedures require enormous computational costs. On the other hand, we have recently developed multicomponent QM (MC_QM) method, which can take into account NQE of light nuclei. 13, 14 MC_QM calculations provide the effective PES, which is directly corrected by the NQEs. Therefore, we can analyze chemical reactions taking into account NQE with the aid of MC_QM method. However, it is difficult to nd transition state (TS) structures on the MC_QM effective PES ("effective" TS) using MC_MO method, since the vibrational modes involving quantum nuclei cannot be obtained by means of conventional vibrational analysis with the MC_QM method. 15 To overcome this difficulty, we recently proposed the MC_QM-climbing image-nudged elastic band (CI-NEB) method 16 by combining CI-NEB approach 17, 18 with our MC_QM method. Using MC_QM and MC_QM-CI-NEB methods, we have successfully analyzed H/D isotope effects on the activation energies of chemical reactions (H/D kinetic isotope effect (KIE)) 16, 19, 20 and molecular geometries (H/D geometrical isotope effect: (GIE)). [21] [22] [23] [24] [25] Several groups have also developed their own MC_QM methods and analyzed various interesting chemical and physical phenomena.
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We should mention here that there are several computational methods to directly take account of NQE of light particles in addition to MC_QM method. Path integral molecular dynamics (PIMD) simulation is one of the powerful and useful methods for not only NQE but also temperature effect. PIMD simulation is, however, really time-consuming. In addition, NQEs are evaluated on the BO PES obtained by the standard QM calculations, in the PIMD simulation. In contrast, our MC_QM method provides the effective PES, which is directly corrected by NQE of light nuclei, since our MC_QM method is based on the multicomponent fashion. Consequently, our MC_QM provides the difference effective PES for each isotopologue.
We have already demonstrated that NQE strengthens the hydrogen-bonded interactions 22, 23, 25 and signicantly lowers the activation energy of hydrogen transfer reactions 16, 20 with the aid of our MC_QM method. Since some isomerization reactions and keto-enol tautomerism reactions of pyruvic acid molecule involve hydrogen transfer process, we would like to revisit these reactions directly including NQE of hydrogen nuclei. The remaining isomerization reactions involve C-C of O-H rotation. These isomerization reactions are also fruitful target for MC_QM method, because we have not investigated NQEs on chemical reactions except for hydrogen transfer ones, yet. We, thus, would like to investigate H/D isotope effects on the activation energies of isomerization and keto-enol tautomerism reactions in pyruvic acid isomers with the aid of our MC_QM method in this paper.
Theory

Multicomponent quantum mechanics method
Here, we would like to introduce our MC_QM approach briey. More detailed information of MC_QM method can be found in elsewhere. 13, 14 In MC_QM method, the total Hamiltonian for a system containing N e -electrons, M-classical nuclei, and N pquantum nuclei is expressed as
where the i and j indices refer to the electrons, p and q to the quantum nuclei, A and B to the classical nuclei, N e and N p the number of the electrons and quantum nuclei, and M is the number of the classical nuclei. Z A represents the charge of nucleus A, and M p is the mass of quantum nucleus p. The Hartree-Fock equations for electrons and nuclei can be derived by the variational principle as
where h e and h p are electronic and quantum nuclear oneparticle operators, J e and K e are electronic Coulomb and exchange operators, and J p is the quantum nuclear Coulomb operator. We ignore quantum nuclear exchange term due to its small contribution. 35 We can obtain optimum electronic and nuclear MOs by introducing the basis set expansion and solving the electronic and quantum nuclear Roothaan equations. Although quantum nuclear MOs should be expanded by a suitable number of GTFs as well as electronic MOs, we have already demonstrated that nuclear quantum natures are adequately taken into account by using single s-type GTF as nuclear basis function. 14, 16, [19] [20] [21] [22] [23] [24] [25] To improve the accuracy of the QM calculations, we have to evaluate correlation effects between quantum particles. In MC_QM calculations, we have to evaluate new types of correlation effects, such as electron-quantum nucleus and quantum nucleus-quantum nucleus correlation effects. However, we evaluate only electron-electron correlation effect in the present MC_QM calculations using the conventional B3LYP exchange-correlation functional for electrons, 22, 36 since the contributions from electron-quantum nucleus and quantum nucleus-quantum nucleus correlations are much smaller than that from electron-electron correlation for typical molecular systems, and we have already demonstrated that H/D isotope effect in various systems and reactions can be analyzed evaluating only electron-electron correlation effect in MC_QM calculations.
Multicomponent quantum mechanics-climbing imagenudged elastic band method
Here, we briey introduce CI-NEB method. To perform CI-NEB calculations, we rst optimize the reactant and product molecules of the target reaction. Then we perform CI-NEB calculations to obtain minimum energy path (MEP) and TS structure. In the NEB calculations, the total force on an image is represented as the sum of the spring force along the tangent and the true force perpendicular to the tangent
where the true force perpendicular to the tangent is given as
We used Henkelman's revised tangent,
where s
is the position vector of ith image, and V i is the energy of ith image. We also used Henkelman's revised spring force:
where k is the spring constant. In the CI-NEB method, the force on the image with the highest energy (i TS ) is evaluated by following equation instead of eqn (4):
It should be noted here that we can obtain both MEP and transition state structure on the MC_QM effective PES ("effective" MEP and "effective" TS structure) by minimizing energies and forces in eqn (4)-(8) using our MC_QM method. We have already demonstrated that MC_QM-CI-NEB approach adequately provides effective TS structure on the MC_QM effective PES for hydrogen transfer reactions, 16, 20 and we successfully analyzed H/D isotope effects on these reactions using the MC_QM-CI-NEB approach.
Computational detail
In this study, we calculated 12 isomers (8 enol and 4 keto forms) of pyruvic acid, according to the Valadbeigi's previous study. 6 The structures of these 12 isomers are shown in Fig. 1 and 2 . Geometrical parameters of these 12 isomers were optimized by B3LYP/6-311++G(d,p) level of calculation. To characterize these optimized structures, we also performed normal mode analysis on the optimized structures, and conrmed that all structures have no imaginary frequencies except for structures VIII and D.
Next, we performed multicomponent B3LYP (MC_B3LYP) geometry optimization from the B3LYP optimized geometries. In MC_B3LYP calculations, only hydrogen nuclei were treated as quantum wavefunction. To discuss the small geometrical differences between H and D species, geometry optimization calculations were performed with tight keyword. Only electronelectron correlation contribution was evaluated by B3LYP hybrid exchange-correlation functional, and electron-nucleus and nucleus-nucleus correlations were ignored in this study, due to their small contributions. The 6-311++G(d,p) basis set and single s-type GTF, exp{Àa(r À R) 2 } were adopted as electronic and nuclear basis sets, respectively. The a value in nuclear basis function is the orbital exponent value and determines the spatial distribution of nuclear wavefunction. We used average a values (a ave , 24.1825 for H and 35.6214 for D) for geometry optimization. [37] [38] [39] To rene the total energy and the spatial distribution of nuclear wavefunctions, we optimized a values at MC_B3LYP optimized geometries. 39 To nd out the effective TS structure on MC_B3LYP effective PES, we performed MC_B3LYP-climbing image-nudged elastic band (CI-NEB) calculations.
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All MC_B3LYP calculations were performed with the aid of modied version of GAUSSIAN 09 program, 40 and CI-NEB calculations were performed with our homemade program.
Results and discussion
Relative energies and optimized geometrical parameters of keto and enol structures First, we performed geometry optimization of 12 isomers (I-VIII and A-D) using B3LYP/6-311++G(d,p) method. Although structure VIII and D were found in the previous study, 6 we could not nd these structures without C S -constraint. We note here that these C S -optimized structures have two and one imaginary frequencies, respectively. To investigate these structures in detail, we calculated the potential energy curves (PECs) for (Fig. 3 ). These PECs do not show multiple minima for the
PEC corresponds to structure VI, and that in O a -C b -C c -C d PEC to structure A. We also conrmed that structures VIII and D were not found as stable structures, even with the same methods as used in the previous study (MP2/6-311++G(2df,p) and B3LYP/6-311++G(2df,p)).
6
Quite recently, Reva and coworkers also studied isomerization reactions in keto form pyruvic acid molecule both experimentally and theoretically.
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They investigated the ground state potential energy surface (PES) of keto form pyruvic acid molecule with the aid of B3LYP/ 6-311++G(d,p) method, and pointed out that structure D does not correspond a local minimum but correspond a rst-order saddle point. Our calculation supports Reva's opinion. Therefore, we would like to focus on only 10 isomers (except for structures VIII and D) for further analysis. Table 1 lists the energy of each isomer relative to the energy of the most stable form, A. Table 1 also lists the B3LYP/6-311++G(2df,p) results 6 for comparison. The notations ZPVE-H and ZPVE-D are B3LYP total energies corrected for protonic and deuteronic harmonic zero point vibrational energy (ZPVE), respectively. In ZPVE-D, all hydrogen nuclei in each molecule are regarded as deuterons. It should be mentioned here that ZPVE-H and ZPVE-D energies only differ in harmonic ZPVE. Geometries and electronic energies are the same for ZPVE-H and ZPVE-D. We can see that B3LYP/6-311++G(d,p) calculation almost reproduced the results obtained with larger 6-311++G(2df,p) basis set. Therefore, we conrmed that 6-311++G(d,p) electronic basis set is large enough for further analysis. Obviously, keto form structures are more stable than enol form structures. Our B3LYP relative energies of keto form structures are in agreement with those obtained in Reva's previous study. 41 The most stable isomer of structure A is 2.1-2.3 kcal mol À1 more stable than the second most stable form of structure B in B3LYP relative energies. This energy difference is enough to conclude that structure A is expected to have a signicant population, 41 although Valadbeigi insisted that all 12 isomers have the same population of 8.3%. 6 The difference between ZPVE-H and ZPVE-D energies are smaller than 0.2 kcal mol À1 . Since the harmonic ZPVE correction only slightly changes the relative energies, H/D isotope effects on relative energies are actually small. Next, we would like to focus on the results obtained by MC_B3LYP calculations. We should mention here that MC_B3LYP calculation do not require calculating the secondorder derivative of the energy to consider nuclear kinetic energy, since nuclear kinetic operator is directly included in the Hamiltonian used in MC_QM method. Consequently, MC_B3LYP calculations are less time-consuming than the ZPVE-corrected B3LYP ones. The nuclear quantum effect (NQE) of proton (or deuteron) slightly changes the relative energies of isomers. Interestingly, the opposite effects on relative energies for several structures are found between harmonic ZPVE correction and multicomponent treatment. It should be noted that Tachikawa also observed such opposite effect in interaction energies of water clusters, (H 2 O) n and (D 2 O) n (n ¼ 2-5), by using Hartree-Fock/6-31G** level of multicomponent molecular orbital method. 42 We speculate that the intramolecular hydrogen-bonded interaction is important to determine relative stability of pyruvic acid isomers. Structures IV, V, VII, B, and C become relatively unstable by taking account of NQE of hydrogen nuclei. Since NQE of hydrogen nucleus strengthens the hydrogen-bonded interaction 22, 23, 25, 42 and the most stable structure A has an intramolecular hydrogen bond, structures IV, V, VII, B, and C, which have no intramolecular hydrogen bonds in their optimized structures, become relatively unstable. Larger changes from conventional B3LYP results are found in H species results rather than D species results, due to larger NQE of proton compared to deuteron. Table 2 lists the optimized exponent a (a opt ) values for each isomer. The optimum a opt values for protons are always smaller than those for deuterons; in other words, protonic wavefunctions are always more delocalized than deuteronic ones. In addition, the optimum a opt values for protons bonded to oxygen atom are slightly smaller than those bonded to carbon atom, reecting the larger electronegativity of oxygen atom compared to carbon atom. 38 It should be noted that structures VIII and D were also not obtained in MC_B3LYP calculations as shown above. Nuclear quantum effect and H/D isotope effects on isomerization and keto-enol tautomerism reactions in gasphase Table 3 lists the activation energies of 14 isomerization reactions. Transition state structures of these reactions are shown in reactions I-II, IV-V, and B-C, respectively, which are obviously smaller than those for other protons (deuterons). This means that a migrating proton (or deuteron) becomes drastically delocalized wavefunction in effective transition state structure. Next, we would like to focus on isomerization reactions, accompanying with O-H rotation. The activation energies of these isomerization reactions are smaller than those of hydrogen transfer ones, since O-H rotational reactions do not involve covalent bond cleavage in contrast to hydrogen transfer reactions. The largest ZPVE-uncorrected B3LYP activation energy is 13.4 kcal mol À1 , found in forward direction of A-B isomerization reaction. The harmonic ZPVE correction lowers the activation energies of all the O-H rotational reactions, and larger reductions are again found in ZPVE-H results rather than in ZPVE-D ones. For the cases of reaction I-III, I-IV, II-V, III-VII, and IV-VII, the activation energies of forward direction of the reactions are obviously larger than those of reverse direction, since these forward reactions involve intramolecular O-H/O hydrogen bond cleavage. From Table 3 , two different tendencies between rotational and hydrogen transfer reactions can be observed in MC_B3LYP results. One is that NQE hardly reduces the activation energies of O-H rotational reactions, but instead, the activation energies of several rotational reactions become larger by taking account of NQEs ("reverse" NQE). Second is that the activation energies of H species in such rotational reactions are higher than that of D species ("unusual" H/D isotope effect). For instance, the activation energy of H species of forward direction of reactions I-IV (9.2 kcal mol À1 ), II-V (6.6 kcal mol À1 ), III-VII (9.6 kcal mol À1 ), and A-B (13.6 kcal mol À1 ), and reverse direction of Table 1 ). The intramolecular hydrogen-bonded interaction is, indeed, enhanced by including NQE. From geometric point of view, this result implies that OH rotational motion in MC_B3LYP is restricted by strong intramolecular hydrogenbonded interaction. On the other hand, the activation energy of I-III reaction does not change in the shown digit by including NQE despite the existence of an intramolecular hydrogenbonded interaction in structures I and III, because the intramolecular hydrogen-bonded interaction is kept during O-H rotational isomerization reaction of I-III. To see this enhancement in detail, Fig. 4 shows the optimized geometrical parameters of structure I. The optimized geometrical parameters of other structures (II-VII and A-C) are shown in Fig. S2 and S3 (see, ESI Fig. S2 and S3 †) . NQEs of proton and deuteron provide signicant effect on covalent O-H and C-H bond lengths. These bond lengths of H species are about 0.025Å longer than those obtained in B3LYP calculation, due to the direct inclusion of the anharmonicity of the potential energy curve along the covalent bond direction. On the other hand, C-C, C]C, C-O, and C]O bond lengths are almost unchanged between MC_B3LYP and B3LYP results, as well as bond angles. These NQEs on geometrical parameters lead to the differences in hydrogen-bonded distances that hydrogenbonded distances become short in the order of H species (2.061Å) < D species (2.071Å) < that obtained by B3LYP (2.095 Since the delocalized protonic wavefunction less attracts surrounding electrons than relatively more localized deuteronic one, H3 atom in H species is expected to be the most positive. As shown in Fig. 4 , the Mulliken atomic charge of H3 atom in H species is, indeed, the most positive. Therefore, H3 atom acts as the strongest hydrogen donor, and the hydrogen-bonded interaction is the strongest in H species. According to our analysis, OH rotation from structure I to IV in B3LYP calculations is easier to occur than that in MC_B3LYP ones, since the strength of the intramolecular hydrogen-bonded interaction in structure I by B3LYP calculations is weaker than that by MC_B3LYP. Several activation energies of OH rotational reactions corrected for harmonic ZPVE are more than 1 kcal mol À1 lower than those obtained in MC_B3LYP calculations.
The intramolecular hydrogen-bonded interaction in MC_B3LYP calculations is stronger than that in B3LYP ones and then, restricts OH rotation. The same idea can be used to explain the unusual H/D isotope effect on rotational reactions. The activation energies of H species are larger than those of D species, since the hydrogen-bonded interaction in H species is stronger than that in D species, and the OH rotational motion is restricted more than OD one due to stronger hydrogen-bonded interaction. Thus, we clearly revealed here that the enhancement of intramolecular hydrogen-bonded interaction by including NQE is the main reason why reverse NQEs and unusual H/D isotope effect on the activation energies are observed in several O-H rotational isomerization reactions. Ishimoto and coworkers have also observed more facile CD 3 group rotation in CD 3 CDO molecule rather than CH 3 group rotation in CH 3 CHO. 43 They concluded that such more facile CD 3 group rotation is due to the shorter C-D bond length compared to C-H one in CH 3 CHO and localized electrons surrounding CD 3 group. Although these changes are also induced by the difference between NQEs of proton and deuteron, the main reason of the unusual H/D isotope effect in several O-H rotational isomerization reactions of pyruvic acid isomer is enhancement of the intramolecular hydrogen-bonded interaction, as mentioned above.
In addition, signicant delocalization of nuclear wavefunction is not observed even in the effective transition state structure (Table 4 ) of all the O-H rotational isomerization reactions, since hydrogen atom does not migrate during the reactions.
The activation energies of C-C rotational reactions of I-II and VI-VII also become larger by taking account of protonic and deuteronic quantum effect. Since structures I, II, and VI have an intramolecular hydrogen-bonded interaction and these C-C rotational reactions involve hydrogen bond cleavage, activation energies of both directions of I-II and forward direction of VI-VII increase by NQE, as well as the aforementioned O-H rotational reactions. Reverse NQE and unusual H/D isotope effect on the activation energies are also found in these C-C rotational reactions. Table 5 lists the calculated activation energies of keto-enol tautomerism reactions. Transition state structures of these tautomerism reactions are shown in Fig. S4 (see, ESI Fig. S4 †) . Since these keto-enol tautomerism reactions involve hydrogen transfer process, activation energies of these tautomerism reactions are clearly larger than O-H and C-C rotational isomerization reactions. In particular, the activation energies of keto-enol tautomerism reactions are larger than the aforementioned hydrogen transfer isomerization ones, which are interconversion of enol or keto forms themselves. These larger ), thus, almost constant for all keto-enol tautomerism reactions. The reason of this accidental coincidence is the fact that the geometrical changes occurred in the reactions (hydrogen migration from CH 3 to C]O) are similar between these keto-enol tautomerism reactions. For these keto-enol tautomerism reactions, both harmonic ZPVE corrections and direct inclusion of NQEs lower the barrier of the reactions. Larger reductions are found in MC_B3LYP results, since relaxation of both the geometries and distribution of nuclear wavefunction are represented in MC_B3LYP results. Table 6 lists the optimized exponent a opt values of quantum protons and deuterons in effective transition state structures of keto-enol tautomerism reaction of H and D species, respectively. Only a opt values of migrating protons and deuterons (H3 and D3) are obviously smaller than those of other protons and deuterons. Therefore, nuclear wavefunction of migrating hydrogen nucleus becomes drastically delocalized in transition state structures of keto-enol tautomerism reactions.
Let us summarize the NQEs of hydrogen nuclei on isomerization reactions and keto-enol tautomerism reactions of pyruvic acid molecule in gas-phase. The activation energies of hydrogen transfer reactions are obviously larger than those of O-H and C-C rotational reactions, because only hydrogen transfer reactions involve covalent bond cleavage. In addition, since a hydrogen (or deuterium) atom itself migrates in hydrogen transfer reactions, protonic (or deuteronic) wavefunction becomes drastically delocalized in effective transition state structures. Directly taking account of the relaxation effect on the distribution of nuclear wavefunction and geometries by multicomponent treatment, MC_B3LYP activation energies of hydrogen transfer reactions are signicantly smaller than those obtained in conventional B3LYP calculations. On the other hand, NQE provides signicant effects on the activation energies of O-H and C-C rotational reactions via intramolecular hydrogen bond. Since NQE enhances the intramolecular hydrogen-bonded interaction in reactant or product molecules, several O-H and C-C rotational motions are restricted by stronger intramolecular hydrogen bond. Consequently, unusual H/D isotope effects on the activation energies are observed in several rotational reactions. Therefore, direct inclusion of NQE is indispensable to analyze the H/D isotope effect on not only hydrogen transfer reactions but also O-H or C-C rotational reactions, in which hydrogen atom itself does not migrate during the reaction. Nuclear quantum effect and H/D isotope effects on isomerization and keto-enol tautomerism reactions catalyzed by a single water molecule
To investigate the effect of hydration on the activation energies, we have also analyzed the mono hydrated isomerization and keto-enol tautomerism reactions. Fig. S5 and S6, † respectively (see, ESI Fig. S5 and S6 †). It should be noted here that the reactions of mono hydrated systems are hydrogen transfer reactions between the pyruvic acid and additional water molecules. In all methods, the hydrogen atom migration from carboxyl group to water molecule and that from water molecule to carboxyl group proceed through one-step concerted mechanism. A water molecule drastically lowers the activation energies of the hydrogen transfer-isomerization and keto-enol tautomerism reactions. Our B3LYP/6-311++G(d,p) results are about 10 kcal mol À1 higher than B3LYP/6-311++G(2df,p) ones. Although the catalytic effect of a single water molecule can be observed in our B3LYP/6-311++G(d,p) results, B3LYP/6-311++G(2df,p) activation energies, 6 especially those for interconversion reactions, seem to be too low. Activation energies of interconversion reactions and keto-enol tautomerism reactions of H species (D species) become less than 7.9 kcal mol À1 (9.7 kcal mol À1 ) and 32.2 kcal mol À1 (34.8 kcal mol À1 ), respectively, by including both catalytic hydration effect and NQE of protons or deuterons. Table 8 lists the optimized a values for quantum protons and deuterons in effective transition state structures of mono hydrated isomerization and keto-enol tautomerism reactions. The optimum a values for two migrating protons (or deuterons) are clearly smaller than those for other quantum nuclei. Therefore, nuclear wavefunctions of two migrating protons (or deuterons) become prominently more delocalized ones than those of other hydrogen nuclei in effective transition state structures.
In summary, a single water molecule catalyzes the isomerization and tautomerism reactions of pyruvic acid molecule. The catalytic effects of a water molecule seems to be overestimated in the previous study, 6 since these activation energies, which are only corrected for harmonic ZPVE, are even smaller than MC_B3LYP ones. In the MC_B3LYP calculations, the activation energies become drastically small by both the catalytic effect of a water molecule and NQEs (relaxation of distribution of nuclear wavefunction and geometries). For instance, the activation energies of H species of hydrogen transfer reactions obtained in MC_B3LYP calculations are smaller than half of ZPVE-H ones. Therefore, direct inclusion of NQE is also important to analyze mono hydrated isomerization and tautomerism reactions and H/ D isotope effects on these reactions.
Conclusions
We have analyzed nuclear quantum effects (NQEs) and H/D isotope effects on isomerization and keto-enol tautomerism reactions in pyruvic acid molecule with the aid of multicomponent B3LYP (MC_B3LYP) calculations, which can take account of protonic and deuteronic quantum effects. For hydrogen transfer isomerization and tautomerism reactions, NQEs of proton and deuteron lower the activation energies as in the case with the other hydrogen transfer reactions. 14, 19 On the other hand, the activation energies of several O-H and C-C rotational isomerization reactions become slightly large by taking account of NQEs of proton and deuteron, although harmonic ZPVE correction lowers them due to underestimation of intramolecular hydrogen-bonded interaction. Thus, "reverse" NQE and "unusual" H/D isotope effect on the activation energies of these rotational reactions are observed in MC_B3LYP results in contrast to the harmonic ZPVE-corrected B3LYP results (ZPVE-H and ZPVE-D).
Our study clearly demonstrates that the direct treatment of NQEs of proton and deuteron is indispensable to analyze H/D isotope effect. The harmonic ZPVE correction sometimes shows an opposite trend of H/D isotope effect to multicomponent treatment. We, thus, believe that our MC_QM and MC_DFT-CI-NEB approaches are one of the powerful and suitable methods to efficiently analyze NQE and H/D isotope effects on chemical reactions. 
